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The signal transducer and activator of transcription 3 (STAT-3), a member of the STAT family of proteins,
binds to a large number of transcriptional control elements and regulates gene expression in response to
cytokines. While it binds to its cognate nucleotide sequences, it has been recently shown to directly interact with
other transcriptional factors in the absence of DNA. We report here one such novel interaction between STAT-3
and hepatocyte nuclear factor 3 (HNF-3) in the absence of DNA. We have identified a STAT-3 binding site
within the core domain of hepatitis B virus (HBV) enhancer 1. The HBV enhancer 1 DNA-STAT-3 protein
interaction is shown to be stimulated by interleukin-6 (IL-6) and epidermal growth factor, which leads to an
overall stimulation of HBV enhancer 1 function and viral gene expression. Using mobility shift assays and
transient transfection schemes, we demonstrate a cooperative interaction between HNF-3 and STAT-3 in
mediating the cytokine-mediated HBV enhancer function. Cytokine stimulation of HBV gene expression
represents an important regulatory scheme of direct relevance to liver disease pathogenesis associated with
HBV infection.

Signal transducers and activators of transcription (STATs)
represent a family of latent transcription factors that are acti-
vated upon tyrosine phosphorylation in response to extracel-
lular signals such as cytokines and growth factors (1, 12, 54).
Tyrosine-phosphorylated STATs form dimers or multimers
through their SH2 domains and are transported into the nu-
cleus, where they bind to the cognate DNA sequences (con-
sensus sequence, TTCC(G/C)GGAA) and activate gene ex-
pression (9, 11, 24, 42, 51). A unique feature of STAT-
mediated signaling is that the pathway from the cell membrane
to the nucleus is traversed by a single molecule (22). The STAT
proteins are subsequently inactivated by tyrosine dephosphor-
ylation and are returned to the cytoplasm (18). The three-
dimensional structure of STAT-3 has revealed four long helical
coils, which include regions involved in protein-protein inter-
action. The DNA binding regions comprise 300 to 500 resi-
dues, a region of beta-sheet structures connected with unstruc-
tured loops, and the C-terminal region (75 residues). The latter
is implicated in the transactivation function of the protein (4).
STAT-3 has been shown to bind other transcriptional factors
such as c-Jun, p300/CBP, and Sp1 (31, 37, 53). This mode of
protein-protein interaction generally occurs to support syner-
gism between the factors engaged in DNA-protein interactions
at neighboring or overlapping sites. Since STAT-3 is activated
by cytokine signaling, the protein-protein interactions are also
regulated by cytokine signaling. Interleukin-6 (IL-6) and epi-
dermal growth factors (EGF) have been shown to induce
STAT-3 activation via tyrosine phosphorylation (27, 54). IL-6
is an important cytokine involved in the activation of acute-
phase proteins in the liver (7). It has been shown that IL-6-

mediated acute-phase protein (APP) regulation occurs through
the JAK/STAT signaling pathway (32, 45). IL-6 also triggers
the rapid activation and tyrosine phosphorylation of a latent
transcription factor, acute-phase response factor (APRF), which
plays an important role in the induction of multiple APPs (47).
STAT-3 induces expression of a variety of genes following
tissue injury or the acute phase (19, 20). Previously it was re-
ported that the activation of liver-specific gene expression is
mediated by STAT-3 and STAT-5 (6, 27). Binding sites for
STAT-3 have been identified in a large number of promoters
of acute-phase genes. Interestingly, STAT-3 was originally de-
fined as an APRF (1, 48). STAT-3 has recently been shown to
possess oncogenic potential (5). In a variety of tumors and
transformed cell lines, STAT-3 is constitutively activated. Ac-
tivation of STAT-3 is implicated in inducing genes, which are
linked to both proliferation and apoptosis (5).

Hepatitis B virus (HBV) is a small DNA virus which repli-
cates via a reverse transcriptase enzyme and predominantly
infects human hepatocytes. HBV chronic hepatitis has the po-
tential to proceed to the development of hepatocellular carci-
noma (3). Expression of the HBV gene is regulated by the
interaction between trans-acting cellular factors and enhancer
element 1, located at a strategic site within the viral genome
(Fig. 1). The enhancer element 1 spans nucleotides (nt) 970 to
1240 and has been shown to play an important role in regu-
lating the activity of HBV promoter elements in a liver-specific
manner (2, 23, 26, 44). The enhancer function in the hepato-
cytes results from the combinatorial action of both ubiquitous
and liver-enriched transcriptional factors (14, 15, 17, 38). Chief
among these are hepatocyte nuclear factor 3 (HNF-3), HNF-4,
RXR�:PPAR heterodimers, and C/EBP. Mutational analysis
supports the conclusion that a central region of enhancer 1
located at nt 1080 to 1165 (HBV subtype adw2), termed the
enhancer core domain (29), plays a central role in enhancer 1
activity. This enhancer core domain harbors binding sites for
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HNF-3, HNF-4, the retinoic acid receptor RXR�, and nuclear
factor 1 (NF-1) (8, 25). The HNF-3 isoforms (�, �, and �) are
liver-enriched members of the HNF-3/forkhead protein family
(30, 49) and have been implicated in the regulation of tissue-
specific gene expression and developmental processes (21, 30).
We have previously demonstrated that HNF-3� is the pre-
dominant isoform of HNF-3 that interacts with the enhancer
core domain (28). Using oligonucleotide chromatography with
HNF-3 binding sequences, an additional cellular factor was
copurified and interacted with the neighboring sequence (AA
GGCCTT). This factor was tentatively designated the palin-
drome binding factor (PBF). The PBF nucleotide sequence
bears striking homology to the consensus STAT-3 sequence.
Using a myriad of approaches, STAT-3 interaction with the
previously designated PBF site has been established and shown
to respond to cytokine signaling. Our investigation further re-
vealed a direct interaction between STAT-3 and HNF-3, thus
expanding the repertoire of transcriptional factors STAT-3

interacts with. STAT-3 and HNF-3 binding cooperatively stim-
ulates the enhancer function in response to IL-6 and EGF.
Cytokine-mediated signaling of HBV gene expression has im-
plications in the liver disease pathogenesis associated with
HBV infection.

MATERIALS AND METHODS

Plasmids and oligonucleotides. Construction of plasmids containing the wild-
type footprint V (FPV) of the HBV enhancer 1 and a point mutant FPV has been
described previously (28). The FPV spans nt 1111–1139 within enhancer 1. The
point mutation in FPV, designated as FPV�, is indicated by lowercase letters
(5�-TACAAGGCCTTTCTAAcgAAACAtcACAT-3�). The wild-type STAT-3
(GATCCTTCTGGGAATTCCTAGATC), mutant STAT-3 (GATCCTTCTG
GGCCGTCCTAGATC), wild-type PBF (CACTTACAAGGCCTTTCTAAGT
AA), and mutant PBF (CACTTACAAGGCCgggCTAAGTAA) oligonucleo-
tides were synthesized from Santa Cruz Biotechnology. The plasmid pHnLuc
contains the HBV full-length enhancer 1-X-promoter sequences, and the plas-
mid p�SLuc contains mutated PBF-STAT-3 binding sites within the FPV (TA
CAAGGCCgggCTAAGTAAACAGTACAT); both are linked to luciferase re-
porter gene sequences.

FIG. 1. Schematic representations of the HBV genome and en-
hancer 1 element. (A) The viral genome is numbered (0 to 3,200 bp)
according to the adw2 subtype of HBV. S, C, P, and X represent the
viral genes encoding the surface antigen, core or e antigen, DNA
polymerase, and X proteins, respectively. The HBV promoters (preS1,
preS2, Cp, and Xp) and enhancers (Enh 1 and Enh 2) are indicated. An
represents the single polyadenylation site used by all of the HBV
RNAs. Each viral transcript is labeled with its respective length in
kilobases (kb) and a poly(A) tail at the 3� end. Multiple transcription
initiation sites are indicated at the 5� end of the 3.5-, 2.1-, and 0.9-kb
RNAs. (B) Protein binding sites on Enh 1 are shown and footprint
designations previously defined (38) are indicated above the corre-
sponding sites. (C) The core domain spans nt 1080 to 1165 and is
composed of the STAT-3 binding site, which is located at nt 1111 to
1127. The HNF-3 binding site spans nt 1124 to 1139. The DNA se-
quence of the STAT-3/HNF-3 region is shown with the corresponding
cellular factors as indicated above. The thin line and arrows below the
STAT-3-HNF-3 region indicate the positions of STAT-3 and FPV
direct repeats, respectively.
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Bacterial expression of phosphorylated STAT-3 proteins. Tyrosine-phosphor-
ylated STAT-3 was purified from bacterial culture (Epicurian Coli) that coex-
presses STAT-3 and JAK kinase (4). Bacterial cultures were grown in the pres-
ence of ampicillin and tetracycline and induced in the presence of 1 mM
isopropyl-�-D-thiogalactopyranoside for the expression of STAT-3. The har-
vested cells were suspended in M9 medium (1 mM MgSO4, 0.2% glucose, 0.1%
Casamino Acids, 0.5 mg of 1% thiamine-HCl, 0.01 mg of 3-�-indoleacrylic
acid/ml, 50 �g of ampicillin/ml, 12.5 �g of tetracycline/ml). The pellet was
resuspended in ice-cold extraction buffer (20 mM HEPES [pH 7.6], 0.1 M KCl,
10% glycerol, 1 mM EDTA, 10 mM MnCl2, 20 mM dithiothreitol [DTT], 0.5 mM
phenylmethylsulfonyl fluoride [PMSF]). The lysis was performed by sonication,
followed by centrifugation. Ammonium sulfate was added at 35% saturation.
The precipitated protein was collected by centrifugation, suspended in a buffer
(20 mM HEPES [pH 7.0], 200 mM NaCl, 10 mM MgCl2, 5 mM DTT, 0.5 mM
PMSF), and dialyzed against the same buffer.

Preparation of nuclear extracts. Nuclear lysates were prepared from human
hepatoma cell line 7 (Huh-7) cells, and cells were transfected with v-Src expres-
sion vector, which constitutively phosphorylates STAT-3 (50, 55). Cells were
lysed in hypotonic buffer (20 mM HEPES [pH 7.9], 10 mM KCl, 0.1 mM
Na3VO4, 1 mM EDTA, 10% glycerol, 1 mM PMSF, 3 mg of aprotinin/ml, 1 mg
of pepstatin/ml, 20 mM NaF, 1 mM DTT with 0.2% NP-40) on ice for 10 min.
After centrifugation at 4°C (13,000 rpm in a 5415D microcentrifuge) for 1 min,
the nuclear pellet was resuspended in high-salt buffer (hypotonic buffer with 20%
glycerol and 420 mM NaCl) at 4°C by rocking for 30 min following centrifuga-
tion. The supernatant was collected and stored at �80°C in aliquots.

EMSA. The FPV, PBF, and STAT-3 consensus sequences were radiolabeled at
the 5� end with [�-32P]ATP by T4 polynucleotide kinase. About 20,000 cpm of
gel-purified probe was incubated with bacterially expressed phosphorylated
STAT-3- or v-Src-transfected lysates in electrophoretic mobility shift assay (EMSA)
buffer (20 mM Tris-HCl [pH 7.9], 10 mM MgCl2, 50 mM KCl, 16.7 �g of poly
(dI-dC)/ml, 1 mM EDTA, 1 mM DTT, 1 �M leupeptin) for 20 min on ice.
Competition analyses carried out in the presence of 100-fold molar excesses of
unlabeled competitor oligonucleotide were preincubated for 20 min on ice prior
to the addition of radiolabeled probe. The DNA-protein complexes were re-
solved by 5% polyacrylamide gel electrophoresis (PAGE) in 0.5� Tris-borate-
EDTA buffer. The gels were dried and subjected to autoradiography.

DNase I footprinting. The DNase I footprinting assay was carried out essen-
tially as described by Kosovsky et al. (28) in the presence of an enhancer 1 DNA
fragment spanning nt 1074 to 1308 of the HBV genome. The enhancer 1 was 5�
end labeled by T4 polynucleotide kinase in the presence of [�-32P]ATP (7,000
Ci/mmol; ICN Pharmaceuticals, Inc.). Approximately 25,000 cpm of the probe
was incubated with bacterially synthesized STAT-3 protein and subjected to
DNase I digestion followed by 8%-urea PAGE. Gels were dried and exposed to
X-ray film for 24 to 48 h at �80°C.

Purification of GST fusion proteins. The glutathione transferase (GST) and
GST-HNF-3 fusion proteins were purified by the procedure recommended by
Pharmacia. Briefly, the bacterial cultures expressing these fusion proteins were
centrifuged and the pellets were resuspended in lysis buffer (20 mM HEPES [pH
7.9], 1 mM EDTA, 1% Triton X-100, 1% Tween 20, 1% NP-40, 1 mM PMSF,
1 mM ATP, 1 mM DTT) with 1 M NaCl. After sonication, the lysates were
centrifuged and the supernatant was incubated with glutathione-Sepharose
beads (Pharmacia) for 1 h at 4°C. The beads were washed several times with lysis
buffer containing decreasing concentrations of NaCl (1.0 to 0.2 M). The washed
beads were equilibrated with binding buffer (150 mM KCl, 6 mM MgCl2, 25 mM
HEPES [pH 7.9], 10% glycerol, 0.1% NP-40, 1 mM ATP, 1 mM DTT, 1 mM
PMSF, 10 �g of leupeptin/ml, 9 �g of aprotinin/ml) for 30 min at 4°C.

Immunoprecipitation and Western blot analysis. Exponentially growing
Huh-7 cells transfected with v-Src expression vector, which activates STAT-3
(55), were harvested, and cell extracts were prepared by incubation in radioim-
mune precipitation buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 1 mM sodium ortho-
vanadate, 1 mM sodium formate, 1 mM PMSF, 10 �g of aprotinin/ml, 10 �g of
leupeptin/ml) for 30 min on ice. Immunoprecipitation was performed with anti-
STAT-3 serum for 4 h. The immune complexes were incubated with protein
A-Sepharose, washed three times with radioimmune precipitation buffer, and
boiled for 5 min in SDS-PAGE sample buffer. The samples were subjected to
SDS-PAGE. Gels were electroblotted onto polyvinylidene difluoride (PVDF)
membrane (Amersham) in 25 mM Tris–192 mM glycine–20% methanol by
electrophoresis. Membranes were treated for 1 h in blocking buffer (20 mM
Tris-HCl [pH 7.5], 150 mM NaCl, 0.3% polyvinyl pyrrolidone, 0.5% [wt/vol]
Tween 20), probed with anti-HNF-3 serum overnight, and washed twice for 10
min with blocking buffer followed by incubation with secondary antibody for 45

min. After an additional washing step with blocking buffer, immunoblots were
visualized using an ECL detection system (Amersham).

Northern blot analysis. Total RNA was isolated using RNA STAT-60 (Tel-
Test, Inc., Friendswood, Tex.) from HepG2 cell line 2.2.15, which stably ex-
presses all HBV genes (43), and treated with EGF and IL-6 at various time
intervals. Northern blot analysis was performed according to standard methods.
Equal amounts (15 �g) of electroblotted RNA were hybridized with �-32P-
labeled HBV DNA (48 bp of X cDNA sequence) overnight and washed twice in
2� SSC (1� SSC is 0.18 M NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH 7.7])
and 0.1% SDS, followed by 1� SSC, 0.1% SDS for 15 min, and finally 0.1� SSC
and 0.1% SDS for 2 � 10 min at 65°C before being subjected to autoradiography.

Luciferase assay. For transient transfections, Huh-7 cells were plated at a
density of 	5 � 105 cells/60-mm dish and maintained in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum, penicillin (75 units/ml), and
streptomycin (50 units/ml) at 37°C. Cells (	50% confluent) were transfected
with 1 �g of luciferase reporter plasmid by using Lipofectin reagent (Life Tech-
nologies). Thirty-six hours after transfection, cells were serum starved overnight
before the addition of IL-6 (30 ng/ml) and EGF (100 ng/ml) for 15 min. The cells
were harvested, and cellular lysates were analyzed for luciferase expression using
a luminometer (13).

RESULTS

STAT-3 binds to the core domain of HBV enhancer 1. Ko-
sovsky et al. (28) have previously described the interaction of
a factor, tentatively designated PBF, which copurified with
HNF-3 and bound to the nucleotide sequence nt 1111 to 1121
(5�-AAGGCCTT-3�) within HBV enhancer 1. This PBF-bind-
ing sequence bore striking homology to the consensus STAT
sequence, in particular to STAT-3. To investigate possible in-
teraction between the STAT-3 protein and the PBF sequence
that resides within the FPV region of enhancer 1, EMSAs were
carried out. Tyrosine-phosphorylated STAT-3 was purified
from bacteria that were doubly transformed with STAT-3 and
JAK kinase vectors. Using the purified STAT-3 proteins, an
EMSA was carried out to demonstrate its interaction with the
PBF site of HBV enhancer 1 (36). The results shown in Fig. 2A
clearly demonstrate the formation of a DNA-protein complex
between FPV and STAT-3 proteins. The specificity of this
interaction was confirmed by using unlabeled competitor
oligonucleotides representing the FPV sequence, consensus
STAT-3, and PBF. In each case, a mutant version (see Mate-
rials and Methods) of the competitor nucleotides was also in-
cluded. FPV encompasses a 29 nt sequence (nt 1111 to 1139).
The PBF site is located within the footprint that includes the
nucleotide sequence between 1111 and 1121. It is clear from
the results (Fig. 2A) that mutant oligonucleotides fail to com-
pete with STAT-3-FPV DNA complex formation. To further
confirm the presence of STAT-3 in the DNA-protein com-
plexes observed in Fig. 2A, an antibody against STAT-3 was
included during the EMSA. A supershift of DNA-protein com-
plex in the presence of STAT-3 is shown in Fig. 2B, whereas an
unrelated serum failed to produce a similar supershift of the
complex. The direct interaction between STAT-3 proteins and
PBF oligonucleotide probe during the EMSA is shown in Fig.
2C. These results clearly establish direct binding of STAT-3 to
the PBF nucleotide sequence within the FPV of viral enhancer
1.

Next, we used lysates from Huh-7 cells that were transfected
with the v-Src expression vector during the EMSA. The
STAT-3 in the hepatoma cell lysates was able to form DNA-
protein complexes that were completely inhibited in the pres-
ence of a 100 M excess of wild-type FPV, STAT-3, and PBF
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unlabeled competitor oligonucleotides. The results shown in
Fig. 3 further support the STAT-3 binding at PBF site shown
in Fig. 2. To confirm the presence of STAT-3 and HNF-3 in the
DNA-protein complex, an antibody against STAT-3 and
HNF-3 was included during the EMSA (Fig. 3, lanes 11 and
12).

Next, DNase I protection analysis was carried out to identify
the nucleotide sequences occupied by STAT-3. A footprint was
formed at nt 5�-AAGGCCTT-3� by using the bacterially syn-
thesized STAT-3 protein preparation (Fig. 4A, lanes 1 and 2).
Shown in Fig. 4C is the Western blot of the bacterial lysates
expressing STAT-3 protein. Lysates from bacteria lacking
STAT-3 did not produce a footprint at that sequence within
the FPV (Fig. 4B, lane 2). Together, these results establish
STAT-3 interaction at the previously described PBF site, which
resides within the FPV.

EGF and IL-6 stimulate HBV enhancer function through
STAT-3. Since STAT-3 activation is triggered by cytokine sig-
naling (54), we addressed this issue using transient schemes of

transfection. Four target luciferase reporter vectors were em-
ployed in this study. These include a full-length HBV enhancer
1-X promoter (pHnLuc), a STAT-3 containing a multimeric
FPV sequence (pFPV3Luc), a mutant version of the FPV
sequence (pFPV4�Luc) and a mutation in the STAT-3/PBF
binding site (p�SLuc), all of which were cloned upstream of the
luciferase reporter gene. Huh-7 cells were transfected with
these vector DNAs. Thirty-six hours after transfection, cells
were serum starved overnight and then treated with EGF (100
ng/ml) and IL-6 (30 ng/ml) for 15 min. Lysates were prepared,
and luciferase expression was measured. The results presented
in Fig. 5A demonstrate an approximately fourfold stimulation
of FPV3Luc activity in response to EGF. IL-6 signaling pro-
duced a relatively lower level (2.5- to 2.2-fold) of stimulation of
the STAT-3 site associated with the HBV enhancer. The FPV
point mutation and STAT-3 and PBF site mutations did not
respond to either cytokine (Fig. 5A).

Since HBV enhancer 1 is generally believed to regulate
overall HBV gene expression, we set out to determine the

FIG. 2. STAT-3 binds within HBV enhancer 1. (A) The EMSA was carried out in the presence of 32P-labeled FPV probe and STAT-3 protein
synthesized in bacteria. Lane 1, probe alone; lane 2, 1 �g of STAT-3 protein; lanes 3, 5 , and 7 , 100-fold excesses of wild-type unlabeled FPV,
STAT-3, and PBF oligonucleotides, respectively; lanes 4, 6, and 8, 100-fold excesses of mutant FPV, STAT-3, and PBF oligonucleotides, respec-
tively. (B) The EMSA was carried out as described above but with the inclusion of normal human IgG (lane 1) and anti-STAT-3 serum (lane 2).
(C) The EMSA was carried out in the presence of 32P-labeled PBF probe. Lane 1, probe alone; lane 2, 1 �g of STAT-3 protein; lanes 3 and 5,
100-fold excesses of unlabeled wild-type PBF and STAT-3 oligonucleotides, respectively; lanes 4 and 6, 100-fold excesses of mutant PBF and
STAT-3 oligonucleotides, respectively.

FIG. 3. Interaction between STAT-3 and FPV of HBV enhancer 1. The EMSA was carried out in the presence of 32P-labeled FPV probe and
lysates from Huh-7 cells transfected with v-Src. Lanes 1 and 6, 5 �g of lysates as a source of STAT-3; lanes 2, 4, and 7, 100-fold excesses of wild-type
FPV, STAT-3, and PBF oligonucleotides, respectively; lanes 3, 5, and 8, 100-fold excesses of mutant FPV, STAT-3, and PBF oligonucleotides,
respectively; lanes 11 and 12, protein-DNA complex incubated with anti-STAT-3 and anti-HNF-3 serum, respectively.
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effect of EGF on the viral mRNA biosynthesis. In this analysis,
we performed Northern blot analysis of a HepG2 2.2.15 cell
line that stably expresses the whole HBV genome. The 2.2.15
cell line contains a dimer molecule of the HBV genome, thus
achieving the continuity of the circular HBV DNA genome

(43). HepG2 2.2.15 cells were incubated with EGF and IL-6. A
typical pattern of the HBV transcripts shows a significant in-
crease in the presence of EGF and IL-6 (Fig. 5B, lanes 2 and
4). This analysis indicates the abilities of EGF and IL-6 to
positively influence overall HBV gene expression. Additional

FIG. 4. DNase I protection analysis of STAT-3 binding. (A) Samples were analyzed in the presence of the enhancer 1 probe (25,000 cpm;
labeled at nt 1308). Lanes 1 and 2 contained 50 and 100 �g of STAT-3 protein, respectively. G/A, sequencing ladder. The STAT-3 binding site
is shown (nt 1111 to 1121) with a double-headed arrow indicating an 8-bp palindrome. �, previously designated as the PBF binding site (28).
(B) DNase I protection assay. Lane 1, probe; lane 2, probe incubated with bacterial lysates lacking STAT-3 expression vector. (C) Western blot
analysis. Bacterial lysates lacking STAT-3 vector (lane 1), doubly transformed with STAT-3 and JAK vectors (lane 2) were subjected to SDS–7.5%
PAGE followed by immunoblot analysis using anti-STAT-3 polyclonal antibodies.

FIG. 5. (A) Cytokines upregulate the STAT-3-dependent stimulation of HBV enhancer 1 in vivo . Huh-7 cells were transiently transfected with
pHnLuc, pFPV3Luc, pFPV4�Luc, and p�SLuc reporter plasmids, followed by stimulation with EGF and IL-6 as described in Materials and
Methods. The experiments were performed in duplicate. Luciferase activity is expressed as fold induction over the baseline level of activity
observed during transfection of these vectors without EGF and IL-6 treatment. Each reporter plasmid is indicated below the graph. (B) Cytokine-
mediated stimulation of HBV mRNA biosynthesis. Equal amounts of RNA from 2.2.1.5 cells either untreated or treated with EGF and IL-6 were
analyzed by Northern blot analysis. RNA was transferred onto a nitrocellulose filter and probed with 32P-labeled 48-bp HBV DNA representing
the X gene. Lane 1, RNA before stimulation was used as control; lane 2, incubation with EGF (6 h); lanes 3 and 4, stimulation with IL-6 for 6
and 12 h, respectively. Arrows indicate the 3.5- and 2.3- and 2.1-kb HBV mRNA species.
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STAT-3 cognate sequences were not readily apparent else-
where in the HBV genome.

Direct interaction between STAT-3 and HNF-3. Since the
putative STAT-3 site resides close to the previously defined
HNF-3 binding site within FPV (28), we investigated possible
cooperative interactions between these proteins. Bacterially
synthesized STAT-3 and GST affinity-purified HNF-3 proteins
were used in the EMSA. GST-HNF-3 at a certain low concen-
tration barely formed the DNA-protein complex (Fig. 6A, lane
1). In the presence of increasing concentrations of HNF-3,
there was a significant increase in the intensity of the STAT-
3-FPV DNA complex (compare Fig. 6, lane 2 with lanes 3 and
4). To determine if HNF-3 was also present in the complex, an
anti-HNF-3 serum was included during the EMSA, which re-
sulted in retardation of DNA-protein complexes (Fig. 6, lane
6). Similarly, anti-STAT-3 serum further shifted the complex
(Fig. 6, lane 7). A normal human immunoglobulin G (IgG)
failed to produce a similar supershift (Fig. 6, lane 5). Such
cooperation was not observed with GST protein, and anti-GST
serum did not further shift the migration of the complex (data
not shown). Since the probe used in these assays contained
FPV sequences, which also include the HNF-3 binding site, it
is not surprising that the DNA-protein complex contained
HNF-3 protein. We next used a STAT-3 consensus oligonu-
cleotide probe devoid of an HNF-3 binding site during the
EMSA. Huh-7 cell lysates transfected with v-Src vector, which
constitutively activates STAT-3 (50, 55), were used in this
analysis. The results presented in Fig. 6B show that HNF-3 was
also present in the DNA-protein complex, which includes the
STAT-3 protein and a STAT-3 consensus oligonucleotide as
evidenced by a supershift of the DNA-protein complex (Fig. 6,
lane 4). GST-HNF-3 itself did not bind the STAT-3 probe in
the EMSA (data not shown). These results suggest that HNF-3
and STAT-3 probably form a protein-protein complex without
binding to the DNA.

To examine the direct physical interaction between STAT-3
and HNF-3 in the absence of DNA, v-Src-transfected Huh-7
lysates were incubated with GST-HNF-3 protein. GST-HNF-3
bound proteins were immobilized on GST beads, washed ex-
tensively, and eluted. The eluate was then subjected to SDS-
PAGE and immunoblotted with anti-STAT-3 antibody. The
results are shown in Fig. 7A, in which STAT-3 is shown to
interact with GST-HNF-3 (lane 4) but not with GST (lane 3).
When bacterially synthesized STAT-3 was examined for direct
binding to GST-HNF-3, similar results were obtained (Fig. 7,
lanes 1 and 2). To determine if such complexes are formed
in vivo, v-Src-transfected Huh-7 lysates were immunoprecipi-
tated with anti-STAT-3 serum. The immunoprecipitates were
fractionated by SDS-PAGE and electroblotted onto a PVDF
membrane. The membrane was then incubated with anti-HNF-
3 serum and visualized by ECL, a commercial detection kit.
The results shown in Fig. 7B demonstrate that HNF-3 and
STAT-3 form a heteromeric complex in vivo . Together, these
results clearly support the view that there is a direct physical
interaction between HNF-3 and STAT-3 proteins in Huh-7
cells in the absence of STAT-3 cognate DNA sequences.

Next, we examined cooperative interaction between HNF-3
and STAT-3 in a cell-based assay. Huh-7 cells incubated with
EGF, which activates STAT-3, stimulated luciferase reporter
activity under the control of the HBV FPV (STAT-3) se-
quence. When cells were cotransfected with the HNF-3 expres-
sion vector and FPV-containing luciferase reporter plasmid
and incubated in the presence of EGF, a 6.5-fold stimulation
was observed (Fig. 8). The FPV mutant reporter construct did
not show any activation (data not shown). Similar results were
obtained with IL-6, which also stimulates STAT-3 (data not
shown).

In summary, these studies show that STAT-3 binds to its
cognate sequence within enhancer 1 at FPV. HNF-3 and

FIG. 6. Cooperation of interaction between STAT-3 and HNF-3. (A) The EMSA was carried out in the presence of 32P-labeled FPV probe.
Binding of FPV probe with recombinant GST-HNF-3 (lane 1); with STAT-3 synthesized in bacteria (lane 2); both STAT-3 and increasing
concentration of HNF-3 (lanes 3 and 4); same as shown in lane 4 but incubated with normal human IgG (lane 5); or with anti-HNF-3 serum (lane
6) and with anti-STAT-3 serum (lane 7). (B) STAT-3-HNF-3 complex interacts with STAT-3 oligonucleotide probe. The EMSA was carried out
in the presence of 32P-labeled STAT-3 oligonucleotide probe and nuclear lysates from HepG2 cells transfected with v-Src vector. Lane 1, probe
alone; lane 2, 5 �g of lysates (source of STAT-3-HNF-3 complex); DNA-protein complex treated with normal human IgG (lane 3) or with
anti-HNF-3 serum (lane 4).
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STAT-3 heteromeric complexes formed in vivo further con-
tribute to stimulation of the HBV enhancer function.

DISCUSSION

This study was initially undertaken to demonstrate the bind-
ing of STAT-3 to a suspect sequence, previously identified as
the PBF site, that displayed striking homology to the STAT-3
site. Evidence for this interaction was obtained using a myriad
of standard approaches which unambiguously establish the
binding of STAT-3 to the PBF site (PBF site, 5�AAGGCCTT
3�; consensus STAT-3 site, 5�TTCC(G/C)GGAA3�) in a criti-
cal domain within the HBV enhancer. Enhancer 1 is believed
to control overall HBV gene expression in a liver-specific man-
ner and is the sequence to which a large number of liver-
specific and ubiquitous transcription factors have been shown
to bind (29) (Fig. 1B).

A cooperative interaction between STAT-3 and HNF-3 dur-
ing both the EMSA and transient transfection was observed.
These results demonstrate synergism between STAT-3 and
HNF-3 in bringing about a stimulatory role in these interac-
tions. A further augmentation of STAT-3-mediated transcrip-
tion was observed in the presence of IL-6 and EGF. Therefore,
we investigated the mechanism responsible for STAT-3-medi-
ated enhancer 1 activity, since HBV infection initially results in
acute hepatitis. Our transient transfection data revealed the
stimulation of HBV enhancer 1 via STAT-3 in response to
EGF and IL-6 (Fig. 5A). Previously, a similar level of induction
of the reporter gene expression under the control of HBV
enhancer by IL-6 has been reported (35).

We further demonstrate a direct protein-protein interaction
between HNF-3 and STAT-3 in vivo. The ability of STAT-3 to
bind other transcription factors such as c-Jun, CBP, Sp1, SRF,
AP1, and CREB has been reported previously (31, 37, 40, 53).
This novel property of STAT-3 to enter into heteromeric com-
plexes with other transcription factors is intriguing and may
suggest its participation in the formation of preenhanceosome.

In that scenario, STAT-3 is implicated in fulfilling a key role in
active enhanceosome assembly (33, 39). Our future work will
examine this issue in close detail by mapping the interactive
sites of each protein and identifying the exact amino acid
residues in the STAT-3 molecule involved in this phenomenon
in light of the X-ray structure of STAT-3 (4).

In transient transfection, the reporter plasmids contain-
ing point mutations in the STAT-3 (p�SLuc) or the HNF-3
(pFPV4�Luc) binding site did not show any stimulation. This
result was expected for the STAT-3-mutated site, but the basal
level of stimulation with the HNF-3-mutated site suggests that
the transcription factor binding site studied here functions as a
component of an interdependent transcription control system
in the HBV enhancer. Analysis of the competitive binding of
STAT-3 protein to FPV probe during the EMSA demonstrates

FIG. 8. Cooperative activation of HBV Enh 1 by STAT-3 and
HNF-3. Huh-7 cells were transiently transfected with 1 �g each of
pFPV3Luc reporter plasmid and HNF-3 vectors. At 36 h after trans-
fection, the cells were serum starved overnight and then stimulated
with EGF (100 ng/ml) for 15 min. The cells were harvested and ana-
lyzed for luciferase activity. Each transfection was carried out in du-
plicate and repeated at least three times.

FIG. 7. (A) Direct interaction between STAT-3 and HNF-3. Nuclear extract from Huh-7 cells transfected with v-Src expression vector or
STAT-3 synthesized in bacteria was incubated with GST (lanes 1 and 3) and GST-HNF-3 (lanes 2 and 4) bound to glutathione-Sepharose beads.
STAT-3 bound to HNF-3 was extensively washed and subjected to SDS–7.5% PAGE followed by immunoblot analysis using anti-STAT-3
polyclonal antibodies. (B) In vivo interaction between STAT-3 and HNF-3. Huh-7 v-Src-transfected lysates were immunoprecipitated (IP) with
anti-STAT-3 serum (lane 1) and normal human serum (NHS) (lane 2) fractionated by SDS-PAGE and electroblotted onto a PVDF membrane.
The membrane was incubated with anti-HNF-3 serum followed by incubation with a secondary antibody and analyzed by ECL, a commercial
detection kit.The arrow indicates the coimmunoprecipated HNF-3 in the STAT-3-HNF-3 in vivo complex.
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that both the unlabeled STAT-3 and PBF oligonucleotides are
competing for the STAT-3 protein. DNase I footprint analysis
shows the palindrome region of the HBV enhancer 1 (-AAG-
GTTCC-) that is occupied by STAT-3.

Since many cytokines can activate STAT molecules, the role
of STATs in growth control is crucial. Several studies suggest
that STAT-3 may be involved in promoting cell growth, since
IL-6-mediated activation of STAT-3 is required in liver re-
generation (10). The biological mechanism by which STAT-3
contributes to oncogenesis remains to be determined. Two
possible mechanisms have been postulated. (i) Constitutive
activation of STAT-3 signaling may directly stimulate cell pro-
liferation, because constitutively activated STAT-3 has been
reported in cells and tissues from a number of human tumors
(5, 52). This possibility is consistent with the finding that nu-
merous growth factors (e.g., EGF and platelet-derived growth
factor) activate signaling by STATs, including STAT-3 (46, 54).
(ii) STAT-3 may contribute to cell transformation by pre-
venting apoptosis. This possibility is supported by the finding
that activation of STAT-3 leads to an antiapoptotic response
upon IL-6 stimulation in a murine myeloid cell line. Dom-
inant negative STAT-3 lacks the antiapoptotic property (16).
Since STAT-3 signaling is implicated in the control of cell
differentiation, proliferation, and apoptosis (10, 34), the bio-
logical consequences of constitutive STAT-3 activation are
likely to be complex and specific to the cell type being studied.
This activity may also confer resistance to conventional thera-
pies that rely on apoptotic mechanisms to kill tumor cells,
thereby indirectly increasing cell numbers. Thus, identification
and characterization of the nuclear genes regulated by STAT-3
should provide new insight into the specific events leading to
the loss of normal growth control and the process of malignant
transformation. In a recent study, it was observed that the X
protein encoded by the HBV genome constitutively activated
STAT-3 (46a). This finding implicates a potential role of HBV
gene expression in regulating STAT-3 in HBV-associated liver
disease pathogenesis.

The present study identifies STAT-3 as an important factor
in overall HBV gene expression. The role of cytokine-medi-
ated STAT-3 action in acute and chronic hepatitis is of signif-
icance in hepatitis B infection, as these activities determine
the onset of liver disease. The interaction between HNF-3 and
STAT-3 indicates the complex nature of the ways in which
STAT-3 functions as an activator of the HBV gene expression.
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